Patients with chronic pain easily accompany the negative mood symptoms such as depression and anxiety, and these disturbances in turn affect the aversive perception of pain. However, the underlying mechanisms are largely unknown. We hypothesized that the alteration of metabotropic glutamate receptor 5 (mGluR5) in the brain region underlies such a comorbidity of aversive states. We scanned the brain of chronic neuropathic pain model rats using positron emission tomography (PET) technique with an mGluR5-selective radiotracer [11C] ABP688 and found various brain regions with higher or lower level of mGluR5 compared to control rats. Among the brain areas, a prominent upregulation of mGluR5 was shown in the prelimbic region (PrL) of the medial prefrontal cortex (mPFC) of chronic neuropathic pain animals. A pharmacological blockade of upregulated mGluR5 in the PrL ameliorated the negative symptoms including tactile hypersensitivity and depressive-like behavior, which relieved the subjects from the unpleasant state of chronic neuropathic pain condition. Conversely, lentiviral overexpression of the mGluR5 in the PrL of naïve rats successfully induced comorbid pain and negative moods. Our data provide deeper insight into the shared mechanism of pain perception and negative emotions, identifying a therapeutic target for the treatment of chronic pain and mood disorders.
implicating change of this receptor in the brain circuit as their common mechanisms. In the processing of pain and negative mood, the affective and cognitive interactions actively participate in the perception, and the maladaptive sensitization of this system in chronic pain condition amplifies negative appraisal and aversive sensations [20] [21] [22] . Our primary hypothesis is that the persistent unavoidable pain would trigger the alteration of mGluR5 in the brain area related to the negative appraisal such as the PFC, and this alteration, in turn, mediates pain facilitation and precipitates negative mood.
In this study, we sought to identify the brain alteration underlying the comorbidity of chronic pain and negative mood disorders. We used the mGluR5 as a target molecule, as this molecule is known to be involved in the pathophysiology of pain as well as negative moods. The common brain circuit was pursued by investigating the altered mGluR5 in the chronic pain state and was verified by effects of the local mGluR5 manipulation on the pain and mood behaviors. To assess the regional expression of mGluR5 among brains of chronic neuropathic pain rats and control rats, positron emission tomography (PET) technique was used with [11C] ABP688, a highly selective radiotracer of mGluR5. After this step, we went on further tests with pharmacological modulation and viral manipulation of mGluR5 in the identified brain area to investigate the specific role of the local mGluR5 alteration in the pain-related and mood-related behaviors.
Results
Altered mGluR5 level in the brain following nerve injury-induced neuropathic pain. Right L5 spinal nerve ligation (SNL) surgery-performed rats were used for chronic neuropathic pain group 23 and sham surgery-performed rats were used for the control group. After surgery, paw withdrawal threshold was measured using von Frey test and SNL rats showed a consistent reduction of paw withdrawal threshold, which represents altered behavioral response due to nerve injury-induced mechanical allodynia (Fig. 1A) . To identify the regional difference of brain mGluR5 in the chronic pain condition, an [11C] ABP688-PET scan was performed to SNL and sham group animal 15-24 days after surgery (Fig. 1B) . The non-displaceable binding potential (BP ND ) of [11C] ABP688 was calculated from each brain image with cerebellum as a reference region to assess the level of mGluR5 ( Fig. 1C and D) and compared between groups on a voxel-by-voxel basis. The BP ND of mGluR5 was found to be significantly different between SNL and sham rats in multiple pain-related brain regions ( Fig. 2A and B , Table 1 ). SNL rats showed the significantly higher level of mGluR5 in the bilateral medial prefrontal cortex (mPFC) including caudal part prelimbic area (PrL), dysgranular zone of the primary somatosensory cortex (contralateral to nerve injury), the somatosensory cortices and caudate putamen (ipsilateral to nerve injury), retrosplenial cortex, and the medial septum ( Fig. 2A) . Conversely, the insular cortex (contralateral to nerve injury), the rostral pole of nucleus accumbens (ipsilateral to nerve injury), the endopiriform nucleus (ipsilateral to nerve injury), small areas of corpus callosum which contact to caudate putamen (ipsilateral to nerve injury), and piriform cortices and olfactory tubercle (contralateral to nerve injury) showed lower level of mGluR5 in the SNL group (Fig. 2B ).
Upregulation of mGluR5 in the mPFC of chronic neuropathic pain animals.
We sought to identify a brain region with an altered mGluR5 level which affects to the amplified aversiveness in the chronic pain condition. Among the brain regions which showed prominent alteration of the mGluR5 level in neuropathic pain group, we focused on the mPFC cluster because of its suggested major roles in the mood disorders and affective perception 22, [24] [25] [26] [27] [28] . According to previous studies, mGluR5 in the mPFC mediates depressive-like behavior 29 , and depressive and anxious symptoms following chronic pain are mediated by PrL subregions of the mPFC 30, 31 . Brain images from our PET experiment showed that the mGluR5 level of the mPFC is increased in the neuropathic pain group ( Fig. 2A ). We conducted additional region-of-interest (ROI) analysis using BP ND extracted from the mPFC cluster of each animal, which confirmed the significant increase of the mGluR5 level in the mPFC of SNL rats (Fig. 2C ). We found that the significant cluster of the mPFC extracted from the analysis mainly consists of cingulate area 2 (Cg2) and caudal part PrL, and includes a small dorsal portion of the infralimbic cortex (IL). In the posterior part (anterior-posterior range (AP) + 1.4~2.4 mm from bregma) of the cluster, significant voxels were located in the Cg2 and the PrL, and the voxels of the deep layer ipsilateral to nerve injury were mainly included to the significant cluster. In the anterior part of the cluster (AP + 2.4~3.0 mm from bregma), significant voxels were located bilaterally in the ventral part of the PrL and dorsal part of the IL. The dorsoventral (DV) range of significant voxels in the mPFC cluster was −3.2~−5.2 mm from bregma.
Pharmacological inactivation of mGluR5 in the caudal PrL ameliorates neuropathic mechanical allodynia. We wondered whether the increased mGluR5 in the mPFC affects the neuropathic pain behaviors. To identify its action on the peripheral nerve injury-induced tactile hypersensitivity, we injected mGluR5 Interestingly, the analgesic effect induced by PrL-MPEP treatment did not completely disappear with the time in a subset of SNL rats. Although mechanical allodynia was rebounded, paw withdrawal thresholds of SNL rats were slightly ameliorated at 24 hours after PrL-MPEP treatment compared to the pre-MPEP level. To further investigate this long-lasting effect, we repeated PrL-MPEP treatment for 3 consecutive days and measured paw withdrawal thresholds at 24 hours after the last injection ( Fig. 3C ). The paw withdrawal thresholds of SNL rats measured at 24 hours after the repeated PrL-MPEP treatment were significantly increased compared to the pre-MPEP level, which confirms the residual effect of the treatment (Fig. 3D ).
To exclude the possibility that the effects we observed from MPEP injection were caused by the diffusion of the drug, we injected MPEP into the off-target sites and measured paw withdrawal threshold ( Fig. 3E and F). The injection of the MPEP into the off-target sites failed to increase the paw withdrawal threshold of neuropathic pain animals. Administration of another mGluR5 antagonist MTEP also evoked similar analgesic effect ( Fig. 3G ). Taken together, these data clearly demonstrate that mGluR5 in the specific mPFC region plays a significant role in the pain processing. The effective mPFC subregion corresponds to the caudal part of the PrL.
Blockade of increased mGluR5 in the PrL relieves neuropathic pain-induced depressive-like behavior.
Comorbid chronic pain and mood disorder have been reported from animal models of neuropathic pain 11, 13 as well as patients with various chronic pain diseases 7, 8 . To study whether the upregulation of the mGluR5 in the contributes to the comorbidity, we assessed the effect of the PrL-MPEP injection on the depressive-like behavior using forced swimming test (FST) paradigm. Consistent with previous reports 11, 13 , neuropathic pain animals showed an increased immobility time in the FST chamber compared to sham control ( Fig. 4A ). We next tested the effect of MPEP injection into the bilateral PrL using separate groups of model animals. We found that the single-time PrL-MPEP treatment evokes rapid antidepressant effect on neuropathic pain animals. MPEP-treated SNL rats showed significantly reduced immobility time in FST compared to vehicle-treated SNL rats. Consequently, the immobility time of MPEP-treated SNL rats returned to the control level ( Fig. 4A) . Notably, the PrL-MPEP treatment was effective only in SNL animals, as the immobility time of MPEP-treated sham group rats was comparable with that of the vehicle-treated sham group. Regarding the upregulation of mGluR5 shown from PET imaging analysis, these data suggests that the increased mGluR5 action in the caudal PrL plays an important role in the pain-induced depressive-like behavior. To rule out the possibility that the reduction of immobility time of SNL rats in the FST was mediated by an effect on the basal activeness of the animals rather than anti-depressive effect, we measured the activity level of the rats in the open field test. Indeed, the PrL-MPEP treatment could not alter the activity level of the animals in the open field in both SNL and sham groups (Fig. 4B) . Interestingly, the PrL-MPEP treatment significantly increased center zone visiting duration only in SNL group Table 1 . Brain regions with significant differences between sham and SNL rats (two-sample t-test, p < 0.005, K e > 20). The peak voxel location is represented by the distance from the bregma (mm).
animals, suggesting its relieving effect from unpleasantness also leads to induction of a powerful anxiolytic effect (Fig. 4C ).
The antagonism of the mGluR5 in the PrL attenuates the aversive state of neuropathic pain condition. The mPFC has previously been shown to play an important role in the goal-directed behavior via processing of motivation coding and decision making. Thus, one might argue that the effects of the PrL-MPEP on the withdrawal behavior and immobility behavior we observed above might be caused by disturbance of these executive functions rather than intervention to the affective perception of the aversive state. To verify this issue, we assessed the effect of the PrL-MPEP on the formation of preference memory using conditional place preference (CPP) test. Before drug conditioning process of SNL animals, time spent in each chamber was identical between each chamber ( Fig. 5A ). After conditioning process, SNL animals spent significantly more time in the chamber in which they were conditioned with MPEP treatment into the PrL (Fig. 5B ). As the place preference is formed by reinforcement memory related to the treatment, this result indicates that the SNL animals perceived the PrL-MPEP treatment as a reward (relief from the aversive state). In contrast, animals of sham surgery group showed no preference to the chamber conditioned with the PrL-MPEP treatment ( Fig. 5C and D) . We interpret that the animals without chronic pain perceived the PrL-MPEP treatment as neither reward nor punishment, as the time spent in each chamber was not altered compared to the pre-conditioning level in the sham group. The chamber preference appeared only in SNL group (Fig. 5E ). A number of midline crossings to other chambers was not significantly different between groups during the test period ( Fig. 5F ), which confirms that the effect of the intervention on the basal activeness of the animals was not different between groups 31 . These results imply that the chamber preference formed by the PrL-MPEP in SNL group is caused by the relief from pain and/or pain-induced depression, and supports that the PrL-MPEP effect on the withdrawal behavior and immobility mGluR5 overexpression in the PrL induces mechanical allodynia, depressive-like behavior, and anxiety-like behavior. We asked whether the upregulation of mGluR5 in the PrL is sufficient to cause the both of pain behavior and depressive-like behavior. To confirm the causal relationship between the molecular change and the behavior, we injected lentivirus expressing mGluR5 (mGluR5 LV) into the bilateral PrL of naïve animals and observed the behavioral change ( Fig. 6A and B ). Lentivirus expressing ZsGreen1 (ZsGreen LV) was used as a control. In the behavior experiments, we observed that the rats subjected to the lentiviral overexpression of mGluR5 in the PrL showed reduced paw withdrawal threshold in the von Frey test (Fig. 6C ) even The animals with mGluR5 LV injection showed higher immobility time in the FST (n = 10 per each group, *p < 0.05 with two sample t-test, #p < 0.05 with Bonferroni test in two-way repeated measures ANOVA). The higher level of this despair behavior implies that the animals with mGluR5 LV treatment were more vulnerable to depression compared to control. (E) Total distance traveled in the OFT was not altered by mGluR5 overexpression (n = 10 per each group), which confirms that the basal activeness was not affected. (F) The center zone duration in the OFT was decreased by the mGluR5 overexpression (n = 10 per each group, *p = 0.0118 with two sample t-test), which could be interpreted as increased anxiety level.
though the SNL surgery was absent in these animals. In consequence, tactile hypersensitivity comparable to nerve injury-induced mechanical allodynia was manifested. Furthermore, subjects developed depressive-like behavior shown by increased immobility time in the FST (Fig. 6D ). Basal activity level in the open field was not altered (Fig. 6E ). In addition to the higher level of the despair behavior, animals showed the decreased center-zone duration ( Fig. 6F) in the open field test. This implicates that the anxiety-like state was also developed in the subjects. These data demonstrate that the overexpression of mGluR5 in the PrL altered the behavioral coping strategy to aversive events without alteration of basal activeness, and implies that this treatment made animals more vulnerable to depression and anxiety.
These findings indicate the elevated mGluR5 in the PrL induce both pain and mood disorders, showing the causal relationship between upregulation of the PrL-mGluR5 in the chronic pain state and behavioral alterations.
Discussion
As a modulator of the glutamatergic transmission, the mGluR5 is involved in the neuronal alteration observed from various neurological disorders 32 . The mGluR5 not only mediates plastic change of the nervous system but also shows expressional plasticity of itself in physiological and pathological conditions. In this study, we found that the mGluR5 level in the brain shows a plastic change in chronic pain condition and this alteration is a crucial mechanism of pain facilitation and negative mood behaviors.
We identified brain regions with the altered mGluR5 level in chronic neuropathic pain state and sought for specific brain region of which the alteration is responsible for comorbid chronic pain and depression. Our findings provide evidence which shows that the upregulation of mGluR5 level in the mPFC region is critical for the chronic neuropathic pain. We further showed that the upregulated mPFC-mGluR5 also plays a significant role in the manifestation of depressive-like behavior as well as pain behavior. Indeed, pharmacological blockade of mPFC-mGluR5 in our chronic neuropathic pain model animal was sufficient to relieve the both of the nerve injury-induced pain and the depression symptoms which are experimentally assessed by paw withdrawal threshold in von Frey test and immobility time in FST respectively. Conversely, lentiviral overexpression of mGluR5 in the mPFC of naïve animals resulted in the manifestation of tactile hypersensitivity and depressive-like behavior, further supporting the causal role of the increased mGluR5 in the mPFC.
A significant role of the mPFC has been implicated from both research fields of pain and depression performed with human and animal subjects. The rodent mPFC consists of subregions of ACC, PrL, and IL and each subregion show distinct actions on the pain as well as mood symptoms. The PrL was mainly focused on the pharmacological experiments of the current study, as we found that the mPFC cluster with a higher level of mGluR5 mainly consisted of caudal part PrL. The neurons located in the region are known to project to pain-related brain areas including ACC, insular cortex, periaqueductal gray, caudate putamen, amygdala, somatosensory cortex, thalamus and nucleus accumbens [33] [34] [35] [36] [37] . Interestingly, several target brain areas overlap with the brain regions in which the mGluR5 level was significantly altered in pain state in our PET analyses. Regarding the known role of these brain regions in the multiple aspects of pain and relevant emotional affection, the pain-induced alteration of the mGluR5 level in these regions would be also involved in the processing pathological and/or physiological aversiveness.
Although we focused on the higher level of mGluR5 level in the PrL subregion of the mPFC in the current study, mGluR5 in other brain regions should be the target of further studies to elucidate the mechanisms of encoding aversion and depression. Of interest, the lower level of mGluR5 was shown in the brain regions of insular cortex and nucleus accumbens of neuropathic pain group in our PET analyses. Given that these brain areas are involved in the altered sensory processing, abnormal perception related to unpleasantness, and decreased motivation in chronic pain state [38] [39] [40] [41] [42] [43] , down-regulation of the mGluR5 in these areas would play a part in pain chronification and following negative affection. We produced the brain map of altered mGluR5 in the pathological pain condition, providing the basis for studying the actions of the neural circuits on the pain and negative emotion.
Whether the mGluR5s are altered in a specific subpopulation of mPFC neurons in pain state remains unknown in our study. Previous studies suggested that the decreased activity of pyramidal neurons in the PrL plays an essential role in pain and pain-induced affective symptoms 30, 44 , and increased GABAergic inhibition is responsible for the reduction of pyramidal neuronal activity 31 . Although activation of mGluR5 generally promotes neuronal excitability, these previous studies raise the possibility that the upregulation of mGluR5 observed in our PET data might enhance inhibitory effects to the pyramidal neurons. This can be achieved by (1) upregulation of mGluR5 in the GABAergic inhibitory neurons. A recent study performed in non-pain animal showed that the systemic injection of mGluR5 antagonist induces the anti-depressive effect in naïve mice, and this effect is mediated by mGluR5 expressed in parvalbumin-expressing GABAergic interneurons in the mPFC 29 . Alternatively, (2) the mGluR5 might be upregulated in the glutamatergic neurons in the mPFC which drive excitation of GABAergic neurons. This view is supported by a recent study which showed that the increased GABAergic activity in the PrL of neuropathic pain animal critically depends on the enhanced excitatory synaptic input onto the GABAergic neurons 31 . Thus, upregulation of the mGluR5 might occur in the specific glutamatergic neurons in the mPFC area, which leads to facilitation of feed-forward inhibition to the pyramidal neurons via increased glutamate release to the GABAergic neurons. By dissecting the subpopulation of neurons associated with upregulated mGluR5 in the further study, more detailed mechanisms and novel therapies could be discovered.
Currently, both chronic pain diseases and depressive disorders lack methods for objective evaluation in the clinic, and the techniques to investigate mGluR5 level in the brain is considered to be a promising approach for the assessment of the pain and/or depression in clinical trials. In the case of non-pain depression, however, there is an inconsistency in the previous studies regarding the alteration of brain mGluR5 [45] [46] [47] [48] [49] . A previous study has reported that the female patients with major depressive disorder showed the higher levels of mGluR5 gene expression in the PFC subregion whereas male patients showed the lower levels of mGluR5 48 . Interestingly, a previous animal study has reported that male rats but not female rats show higher levels of prefrontal mGluR5 in the depressive state induced by prenatal chronic mild stress 50 . Other studies have reported that male mice with mGluR5 knockout showed increased depressive-like behavior, indicating that the activity of the mGluR5 primarily facilitates the depression 29, 51 . In that, the inconsistency shown from human studies is likely due to differences in gender 48 , age, onset time, pathophysiological differences of the subjects 47 , and a specific subpopulation of the neurons in which mGluR5 is altered 29 . As the depression is the complex mental problem, there might be discrepancies as well as common mechanisms between non-pain depressive disorders and depression following pain. Thus, whether suffering negative mood with the different origins for a long period in the certain circumstances eventually upregulate or downregulate prefrontal mGluR5 might be case-specific. In this regards, further studies are necessary for the diagnostic application of the prefrontal mGluR5 measurement to human subjects. A translational step is also required regarding the debate over the homology between regions in rodent and primate prefrontal cortex.
The anti-depressive effect of mGluR5 antagonists, in contrast, has been consistently reported from both of pre-clinical and clinical studies 29, [52] [53] [54] [55] [56] [57] [58] [59] [60] . As such, the PrL-MPEP treatment in our study showed a rapid anti-depressive effect comparable to fast-acting antidepressant drugs, as the treatment reduced immobility time in the FST which was performed at 30 minutes after single-time injection. In addition, the current study supports that the mPFC-mGluR5 could be an attractive therapeutic target for the chronic pain as well as depressive disorder. In our von Frey test, the effect of consecutive PrL-MPEP treatment on the paw withdrawal threshold had not fully disappeared after 24 hours, suggesting the possible long-term plastic change. These characteristics make the mPFC-mGluR5 an attractive target of intervention which might overcome the limit of current therapeutic approaches.
Materials and Methods
Animals. Adult male Sprague-Dawley rats (Samtako, Seoul, Korea) were housed two per cage at a constant temperature of 23 ± 1 °C under a 12 h light/dark cycle. Food and water were available ad libitum. All the experimental procedures were approved by Institutional Animal Care and Use Committee at Seoul National University and were performed according to the Ethical Guidelines of the International Association for the Study of Pain.
Spinal Nerve Ligation (SNL).
Adult rats (8 weeks old) were subjected to SNL or sham surgery 23 .
Isofluorane was inhaled from 15 mins before surgery till the end. In SNL surgery, the right L5 spinal nerve was ligated after elimination of transverse process and fascia, to induce chronic neuropathic pain. In sham surgery, the L5 spinal nerve was kept intact after L5 transverse process elimination. Animals were moved to their cages immediately after surgery process and monitored during recovery. Rats with foot-drop were excluded from the further experiments.
Paw withdrawal Thresholds. Paw withdrawal thresholds of the affected area in hind paw were measured at one day before and 1, 5, 9, 15 days after surgery using von Frey filaments. Dixon's up-down method and Chaplan's calculation method were used 61, 62 and withdrawal threshold of 15 g was applied as the cut-off. Animals with a sensitive hind paw (withdrawal threshold less than 10 g) at pre-surgery condition were not subjected to surgery. There were animals without mechanical hypersensitivity at 5 days after SNL surgery (less than 15% total) and these animals were excluded from the further study.
PET imaging design. PET images were acquired from the SNL group and sham group rats, between the 16 th and the 25 th day after the surgery. Animals were anesthetized and maintained with 1.5% isoflurane and received a tail vein injection of [11C] ABP688 (5.05-16.15 MBq/100 g). Brain scans were processed by micro-PET/CT scanner (eXplore VISTA, GE Healthcare) with list-mode for 60 minutes. After finishing scan procedure, list mode data were reconstructed into a single static image of the full 60 minutes and into dynamic frames of 6 * 30 sec, 7 * 60 sec, and 5 * 600 sec duration using 3-dimensional ordered-subsets expectation maximum (OSEM) algorithm with scatter correction and random correction. Voxel size was 0.3875 * 0.3875 * 0.775 mm. Each image was reconstructed in proportion to standardized uptake value (SUV).
Image preprocessing. Static images of the full 60 minutes from each dataset were coregistered with a standard rat MRI template 63 and the calculated transformation parameters were applied to the respective binned images. Coregistration was visually confirmed and then the time-activity curves (TAC) for the cerebellum were extracted from the series of binned images. The non-displaceable binding potential (BP ND ) of [11C]ABP688 was calculated by use of the simplified reference tissue model with the cerebellum as a reference region. Images were cropped and averaged to make ABP688-PET brain template and then all the images were spatially normalized to this ABP688-PET brain template. Voxels were resampled to 0.2 * 0.2 * 0.2 mm and smoothed with a Gaussian filter of 0.8 mm full-width at half maximum. Images were processed using Statistical Parametric Mapping 8 software package (SPM8), MarsBaR toolbox and imgsrtm program of Turku PET Centre.
SPM analysis.
A voxel-by-voxel comparison of mGluR5 availability between the two groups was performed using the SPM8 software. A two-sample t-test was used to assess differences between SNL group and sham control. An uncorrected p-value threshold of 0.005 and an extent threshold of 20 voxels were used to determine statistical significance. The statistical map was overlaid to MRI template image for visualization purpose.
Cannula implantation and drug injection. On the 9 th day after SNL or sham surgery, rats were deeply anesthetized and guide cannulas were implanted in the PrL bilaterally. The coordinates of AP + 2.6 mm, ML ± 0.8 mm, DV −2.9 mm from the bregma were targeted, which made the tip of the guide cannula locate 0.7 mm above the injection site. After the guide cannula was settled by dental cement, rats were returned to their home cage and at least 7 days of recovery period was given. After the recovery period, the rats were handled once a day for 3 consecutive days prior to drug injection. Microinjection of drug solution into the target region was conducted using internal cannula which has a length of 0.7 mm additional projection beyond the tip of the guide cannula (final target DV −3.6 mm). In the case of the dorsal and ventral parts, targeted coordinates were identical except final target DV −2.0 mm and −5.4 mm.
A volume of 0.5 ul drug solutions (25 nmol of MPEP) was injected to each side of mPFC and behavioral experiments were followed. In the case of MTEP solution, 10 nmol of MTEP in the same volume was used. Behavioral experiments were performed on a separate group of animals with a single drug application unless specified otherwise. After finishing the experiments, each animal was deeply anesthetized and injected with a methyl green dye to mark the injection sites of the brain. Each animal went under cardiac perfusion of phosphate-buffered saline and 4% paraformaldehyde. Brains were extracted, stored in formalin and sliced in coronal sections. Only data from rats with confirmed placements of the cannulas were used.
Forced swimming test (FST). On the 22 nd day after SNL or sham surgery, the rat was placed in a swim cylinder (20 cm in diameter and 45 cm height) filled with water at 23 °C (depth of 30 cm) and underwent a pre-test swimming of 15 minutes. After the pre-test swimming, the rat was dried with the towels and returned to its home-cage. On the next day (the 23 rd day after the surgery), one of the solutions (DMSO vehicle or MPEP solution) was randomly selected and injected into the bilateral PrL of the rat via implanted cannula. At 30 minutes after the injection, the rat was placed in the swim cylinder for a 5 minutes swimming 64 . In the case of the experiment with lentiviral expression, 15 minutes of pre-test swimming was performed on the 14 th day after the injection of mGluR5-LV or ZsGreen-LV into the bilateral PrL of the naïve rat. Repeated 5 minutes of swimming tests were performed on the 15 th and 21 st day after the LV injection 65 . All the tests were video-recorded and the immobility time was analyzed from 5 minutes swimming. Immobility was defined as when rat had no activity except for those necessary to keep its head above water.
Open field test (OFT). The rat was placed in the center of an open field box (60 cm * 60 cm square, 30 cm height) under low-light illumination (<20 lux) and was video-recorded during 5 minutes. The experimenter was blinded to the group and total distance moved and time spent in the center zone during the test were analyzed automatically using EthoVision XT software (Noldus). Center zone was defined as a zone of 30 cm * 30 cm center square. In the case of the MPEP experiment, the drug was injected into the medial prefrontal cortex (mPFC) via implanted cannula and the rat was returned to its home-cage. OFT was performed 30 minutes after the drug injection.
Conditioned place preference test (CPP). Cannulated rats had a 3 days protocol for 3 chamber CPP test 66 . The CPP chamber consisted of two pairing chambers (vertical versus horizontal visual cues) connected by a neutral chamber. All animals were exposed to the experimental room environment three days prior to the beginning of the main experiment for adaptation purpose. On the first day of the main experiment, the animal was allowed to access to all chambers freely for 15 minutes. The time spent in each chamber was analyzed to confirm the absence of pre-conditioning chamber preference. Animals spending less than 20% of the time in any one chamber at this stage were excluded from further experiments. On the second day, the vehicle DMSO solution was injected into the bilateral PrL, and the animal was returned to its home-cage. The 30 minutes of the waiting period was given. Then the animal was placed in a randomly assigned chamber (with vertical or horizontal visual cue) for 30 minutes. After 4 hours, the MPEP solution was injected to the bilateral PrL of the same animal and 30 minutes of home-cage waiting was followed. And then the animal was placed in the counterbalanced chamber for 30 minutes. The animal was not allowed to access to the other chambers during these pairing periods. On the third day, the animal was placed into the neutral chamber and was allowed to freely access to all chambers for the 15 minutes. The time spent in each chamber was calculated and compared.
Lentiviral overexpression of mGluR5. The viral vector was a generous gift from Professor Chul Hoon
Kim, and lentivirus expressing mGluR5 or ZsGreen1 was produced and verified as previously described 67 . In brief, the cDNA of mGluR5 (primer forward: ATGGTCCTTCTGTTGATTCTGTCAG, reverse: TCACAACGATGAAGAACTCTGCG) was amplified and inserted into the lentiviral vector pLVX-EF1α-IRES-ZsGreen1 (Clontech, Catalog No. 631982), and the plasmid was transfected into HEK293FT cells of 60-70% confluency together with psPAX2 (Addgene), pMD2G (Addgene) and polyethyleneimine solution (sigma-Aldrich). Cell media were harvested, centrifuged and then ultracentrifuged. After the re-suspension, the virus was aliquoted and stored at −80 °C until use. The virus was validated with Western blot analysis in virus-treated HEK293FT cells using mGluR5 antibody (Abcam, EPR2425Y).
The virus expressing EF1α-IRES-Zsgreen1 (ZsGreen LV, titer = 3*10^8 TU/ml) or EF1α-mGluR5-IRES-Zsgreen1 (mGluR5 LV, titer = 1*10^8 TU/ml) was injected to the bilateral mPFC (coordinates of AP + 2.6 mm, ML ± 0.8 mm, DV −3.6 mm from the bregma) of naïve rats. Behavioral experiments were started 13 days after the virus injection. After finishing the experiments, the brains were extracted from each animal and coronal sections containing the mPFC region were prepared. The correct injection sites were confirmed in all animals. In the brain slices, precise delivery of the virus was confirmed by visualizing ZsGreen1-expressing neurons in the mPFC region. Statistical analysis. Paw withdrawal thresholds were analyzed using two-way repeated measures ANOVA with time serving as a within-subject factor. For FST and OFT, group data were analyzed using a one-way ANOVA followed by post hoc test as specified. For CPP experiments, the time difference between pre-and post-conditioning was compared using paired t-test in each group, and the preference to the MPEP-conditioned chamber (CPP index) was compared between groups using Mann-Whitney test.
Drugs. 2-Methyl

